The Arabidopsis phosphoinositide kinase PIP5K2 has been implicated in the control of membrane trafficking and is important for development and growth. In addition to cytosolic functions of phosphoinositides, a nuclear phosphoinositide system has been proposed, but evidence for nuclear phosphoinositides in plants is limited. Fluorescence-tagged variants of PIP5K2 reside in the nucleus of Arabidopsis root meristem cells, in addition to reported plasma membrane localization. Here we report on the interaction of PIP5K2 with alpha-importins and characterize its nuclear localization sequences (NLSs). The PIP5K2 sequence contains four putative NLSs (NLSa-NLSd) and only a PIP5K2 fragment containing NLSs is imported into nuclei of onion epidermis cells upon transient expression. PIP5K2 interacts physically with alpha-importin isoforms in cytosolic split-ubiquitin-based yeast two-hybrid tests, in dot-blot experiments and in immuno-pull-downs. A 27-amino-acid fragment of PIP5K2 containing NLSc is necessary and sufficient to mediate the nuclear import of a large cargo fusion consisting of two mCherry markers fused to RubisCO large subunit. Substitution of basic residues in NLSc results in reduced import of PIP5K2 or other cargoes into plant nuclei. The data suggest that PIP5K2 is subject to active, alpha-importin-mediated nuclear import, consistent with a nuclear role for PIP5K2 in addition to its reported cytosolic functions. The detection of both substrate and product of PIP5K2 in plant nuclei according to reporter fluorescence and immunofluorescence further supports the notion of a nuclear phosphoinositide system in plants. Variants of PIP5K2 with reduced nuclear residence might serve as tools for the future functional study of plant nuclear phosphoinositides.
INTRODUCTION
Phosphoinositides are minor membrane phospholipids with regulatory effects on a variety of physiological processes in eukaryotic cells (Munnik and Nielsen, 2011; Heilmann, 2016a) . Phosphoinositides are the phosphorylated derivatives of the membrane phospholipid, phosphatidylinositol (PtdIns), which contains the cyclitol, inositol, in the structure of its head group (Gerth et al., 2017) . The D-3, D-4 and D-5 positions of the inositol ring can be phosphorylated by lipid kinases in different combinations. Phosphorylation of PtdIns by PI 3-kinase or PI 4-kinase gives rise to the PtdIns-monophosphates, PtdIns3P and PtdIns4P, respectively. These lipids can be further phosphorylated by PI3P 5-kinases or by PI4P 5-kinases, respectively, yielding PtdIns(3,5)P 2 and PtdIns(4,5)P 2 . The formation of PtdIns5P is currently debated and likely occurs by dephosphorylation of a PtdIns-bisphosphate. The phosphoinositol head groups of phosphoinositides protrude from the cytosolic leaflets of cellular membranes into the cytoplasm and serve as interaction sites for protein partners possessing phosphoinositide interaction domains (Takenawa, 2010) . Such interaction domains include pleckstrin homology (PH) domains, the Fab1 YOTB Vac1 EEA1 (FYVE)-domain or the phagocytic oxidase (phox or PX) domain (Lemmon, 2003) . The binding to phosphoinositides can recruit target proteins to membranes or modify the biochemical activity of various membrane-associated or membrane-integral proteins of eukaryotic cells, including various enzymes, ion channels and ATPases (Gerth et al., 2017) . While some target proteins specifically bind to particular phosphoinositide isomers, others do not display such preferences. Our current understanding is that phosphoinositides exert their regulatory effects by serving as one important factor for coincidence detection (Carlton and Cullen, 2005) , together with other protein-protein and/ or protein-lipid interactions defined by certain membrane micro-environments (Gerth et al., 2017) .
For plants, there is only very limited information about target proteins that are regulated by phosphoinositides. However, numerous physiological processes have been functionally linked to phosphoinositides in plants (Gerth et al., 2017) . The modification of different aspects of plant phosphoinositide metabolism resulted in a range of diverse effects, indicating that different phosphoinositides influence different cellular processes (Gerth et al., 2017) . An example for a multifunctional phosphoinositide is phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P 2 ], which can influence membrane trafficking (Ischebeck et al., , 2010 Sousa et al., 2008; Thole and Nielsen, 2008 ) and clathrin-mediated endocytosis Zhao et al., 2010; Mei et al., 2012; Ischebeck et al., 2013; Tejos et al., 2014) , the dynamics of the actin cytoskeleton (Ischebeck et al., 2011; Stenzel et al., 2012) , and several other processes that have been extensively reviewed (Thole and Nielsen, 2008; Munnik and Nielsen, 2011; Gillaspy, 2013; Heilmann and Heilmann, 2013; Heilmann and Ischebeck, 2015; Heilmann, 2016a,b) . It is currently an unresolved question how alternative functions of PtdIns(4,5)P 2 are coordinated (Heilmann and Heilmann, 2013) , and one littleexplored aspect is its subcellular compartmentation.
The PI4P 5-kinase, PIP5K2, is ubiquitously expressed in all Arabidopsis organs and forms PtdIns(4,5)P 2 with a role in the control of clathrin-mediated endocytosis at the plasma membrane (Mei et al., 2012; Ischebeck et al., 2013; Tejos et al., 2014) . The enzyme has been shown to be involved in membrane trafficking events mediating the polarization of auxin efflux carriers of the PIN-FORMED family (PIN proteins), and thus in auxin transport (Mei et al., 2012; Ischebeck et al., 2013; Tejos et al., 2014) . Arabidopsis mutants carrying lesions in the genes encoding PIP5K2 and its sister enzyme, PIP5K1, display severe growth retardation and altered development. Interestingly, the phenotype of the pip5k1 pip5k2 double mutant differs from those of other Arabidopsis mutants with defects in clathrin-mediated endocytosis or in PIN polarization, and it has been proposed that other facets of the pip5k1 pip5k2 double mutant phenotype related to cell division and growth may have additional causes not related to auxin (Ischebeck et al., 2013) .
While most reported functions of PtdIns(4,5)P 2 are associated with cytoplasmic membranes, reports from different eukaryotic model systems indicate additional roles for PtdIns(4,5)P 2 in the nucleus (Bunce et al., 2006; Barlow et al., 2010) . In the yeast Saccharomyces cerevisiae, nuclear localization of the single PI4P 5-kinase, MSS4, is essential and is controlled by reversible phosphorylation of the enzyme (Audhya and Emr, 2003) . Similarly, mammalian PI4P 5-kinases localize conditionally to the nucleus and are thought to have key regulatory roles in the control of nuclear function (Boronenkov et al., 1998; Ciruela et al., 2000; Mellman et al., 2008; Li et al., 2012) . For plants there is currently only limited information on nuclear phosphoinositides (Dieck et al., 2012a) . The expression of a nucleartargeted human PI4P 5-kinase in cultured plant cells results in changes in the phosphorylation status of the cell cycle control protein, retinoblastoma related 1 (RBR1), in histone modification, and in altered growth (Dieck et al., 2012b) . The presence of an NLS has been reported previously for the PI4P 5-kinase, PIP5K9, but the NLS or nuclear import of the enzyme was not functionally characterized (Lou et al., 2007) . Another report indicates that phosphoinositides analysed in enriched nuclear fractions of Arabidopsis are represented by characteristic molecular lipid species that are largely absent from other subcellular fractions (K€ onig et al., 2008) . The formation of PtdIns(4,5)P 2 in the nucleus and at the plasma membrane increases in different plant models upon temperature shift to 35°C and it has been suggested that this increase is based on increased PI4P 5-kinase activity (Mishkind et al., 2009) . Besides PI4P 5-kinases and PtdIns(4,5)P 2 , nuclear functions have also been proposed for other enzymes of plant phosphoinositide metabolism. For instance, the PI3-kinase, VPS34, resides in the nuclear matrix, and the enzyme and its product, PtdIns3P, associate with euchromatic sites of active transcription in cultured carrot cells (Bunney et al., 2000) . For the moss, Physcomitrella patens, an effect of deleting phosphoinositide phosphatases of the PHOSPHATASE AND TENSIN HOMOLOG DELETED ON CHROMOSOME TEN (PTEN)-family on the expression of marker genes for the synthesis phase of the cell cycle was reported (Saavedra et al., 2015) . While these findings suggest the presence and possible function of phosphoinositides in plant nuclei, the nuclear localization of plant-endogenous enzymes of the phosphoinositide system has not been systematically addressed so far. In fact, although fluorescence-tagged variants of various plant PI4P 5-kinases have been shown to reside in the nucleus of plant cells, including PIP5K1, PIP5K2 (Ischebeck et al., 2013; Tejos et al., 2014) , PIP5K9 (Lou et al., 2007) , PIP5K10 and PIP5K11 (Ischebeck et al., 2011) , this nuclear localization has previously been largely ignored in the published discussions of reported fluorescence patterns.
It is currently unclear, whether nuclear localization of enzymes of the phosphoinositide system is biologically relevant or just a consequence of overexpressed fluorescent fusion proteins. As a basis for the further study of plant nuclear phosphoinositides it is critical to examine relevant plant enzymes, such as Arabidopsis PIP5K2, with relation to controlled nuclear import mechanisms. A major route for the active import of proteins into the nucleus is initiated in all eukaryotes by the binding of cargo proteins containing NLSs to alpha-importins in the cytosol (Merkle, 2011) . Binding to alpha-importins mediates the association with beta-importins and monomeric RAN-GTP to effect recognition by nuclear pore complexes and nuclear import (Grossman et al., 2012) . In the nucleoplasm, RAN-GTP is inactivated to RAN-GDP, the import complex dissolves and its components are re-exported to the cytoplasm. Critical aspects of controlled nuclear import are, thus, the presence of functional NLSs in cargo proteins and binding of the import cargo to alpha-importins (Merkle, 2011) . Across organismic kingdoms, multicellular organisms have been found to contain multiple isoforms of alpha-importins (Wirthmueller et al., 2013; Pumroy and Cingolani, 2015) , and it has been proposed that cell-type-specific expression as well as isoform-specific interaction with cargo proteins contribute to regulating the import of cargo proteins into the nucleus (Jiang et al., 2001; Wirthmueller et al., 2013; Pumroy and Cingolani, 2015) . The Arabidopsis genome encodes nine isoforms of alpha-importins (Merkle, 2011) , which are not all expressed evenly throughout plant tissues (Wirthmueller et al., 2013) . For instance, according to publicly available expression data, Arabidopsis IMPa5, IMPa7 and IMPa8 are not ubiquitously expressed, in contrast to other alpha-importin isoforms (Wirthmueller et al., 2013) . There is currently limited information about the specificities of Arabidopsis alpha-importins for certain cargo proteins for nuclear import.
In this study we report that Arabidopsis PIP5K2 contains at least one NLS that is necessary and sufficient to mediate the import of PIP5K2 or other cargoes into plant nuclei in vivo. The modification of key basic residues in the NLS precludes nuclear import. Furthermore, PIP5K2 interacts with selected alpha-importin isoforms. In combination with the detection of nuclear phosphoinositides our data suggest that plant nuclei have the capacity to import enzymes of the phosphoinositide system and to generate phosphoinositides.
RESULTS

Arabidopsis PIP5K2 contains nuclear localization sequences
Bioinformatic analysis of the primary sequence of Arabidopsis PIP5K2 (Figure 1 ) revealed four sequence stretches that might act as NLSs (Figure 1a ). All four putative NLSs are located in the N-terminal half of the PIP5K2 protein and outside of the catalytic domain (Figure 1b ). This is in line with a reported regulatory function of the Nterminal domains of Arabidopsis PI4P 5-kinases of subfamily B (Im et al., 2007; Kusano et al., 2008; Stenzel et al., 2008 Stenzel et al., , 2012 , which includes PIP5K2. The analysis of all 11 members of the Arabidopsis PI4P 5-kinase family revealed that all isoforms contain one or more recognizable NLSs ( Figure S1 ). As a note of caution, in the absence of experimental data these predictions must be viewed as speculative.
Based on the bioinformatic predictions, we characterized the predicted NLSs of PIP5K2. PIP5K2 was chosen as an important ubiquitously expressed PI4P 5-kinase (Ischebeck et al., 2013) , and because fluorescence-tagged full-length PIP5K2 was previously detected in the nucleus of Arabidopsis root cells (Ischebeck et al., 2013; Tejos et al., 2014) (also cf. Figure 7b ,c). The import of truncated variants of PIP5K2 into plant nuclei was experimentally assessed by monitoring the subcellular distribution of fluorescence-tagged proteins by confocal microscopy upon transient expression in onion epidermis cells (Figure 2 ). Expression was driven by the cauliflower mosaic virus 35S promoter. Using this in vivo assay system, both full-length PIP5K2 and a truncated variant of PIP5K2 representing the N-terminal 343 amino acid residues (PIP5K2 1-343 ) fused to EYFP, which contained all four putative NLSs (cf. Figure 2a) , localized to the nucleus (Figure 2b ). In contrast, a fragment of the residual C-terminal 411 amino acid residues (PIP5K2 ) representing the dimerization and catalytic domains of PIP5K2 fused to EYFP (cf. Figure 2a) was not imported into nuclei (Figure 2b ). The data suggest that nuclear import of PIP5K2 was mediated by the regulatory N-terminal half of the protein which contains NLSs. As the stability of the truncations or fusion proteins used cannot be analysed in the onion epidermis cells (due to the low transformation rate after particle bombardment), we performed immunodetection on protein extracts from Nicotiana benthamiana leaf protoplasts expressing the corresponding constructs ( Figure S2a ). These control experiments indicate that the proteins were expressed to correct sizes in plants and no substantial disintegration was observed.
PIP5K2 interacts physically with alpha-importin isoforms IMPa6 and IMPa9
NLSs mediate nuclear import by interacting with alpha-importins, so we next tested PIP5K2 for physical interaction with different alpha-importin isoforms from Arabidopsis. To analyse the possible interaction of a candidate protein with alpha-importins, yeast two-hybrid approaches that are based on the reconstitution of the DNA-binding and activating domains in the nucleus cannot be used, because they artificially introduce an NLS into the bait and prey proteins. Therefore, we used a split-ubiquitin-based yeast two-hybrid system to test for extranuclear interactions of PIP5K2 with alpha-importins. As PIP5K2 is expressed in all Arabidopsis organs (Ischebeck et al., 2013) , the interaction test was performed against the alpha-importin isoforms IMPa1-4, IMPa6 and IMPa9, which were selected based on their ubiquitous expression patterns in Arabidopsis (Wirthmueller et al., 2013) . In the yeast two-hybrid tests, PIP5K2 interacted with IMPa6 and IMPa9, but not with other alpha-importin isoforms (Figure 3a) . The interactions of PIP5K2 fused to an N-terminal maltose-binding protein (MBP)-tag with glutathione Stransferase (GST)-tagged IMPa6 or IMPa9 were verified in dot-blot tests (Figure 3b) , and by immuno pull-down experiments using purified recombinant proteins (Figure 3c) . The data show that PIP5K2 interacts with relevant ubiquitous alpha-importin isoforms, which represent key factors of the nuclear import machinery.
PIP5K2 NLSc is necessary and sufficient for nuclear import of a large fluorescent cargo fusion
The functionality of the four individual NLSs in the N-terminal half of the PIP5K2 protein was systematically analysed by assessing whether or not they could mediate the import of a large artificial cargo protein into the nucleus of onion epidermal cells. The cargo protein represented a fusion of the large subunit of ribulose bisphosphate carboxylase/ oxigenase (RubisCO LS) with two mCherry fluorescence tags separated by the tested NLS or control sequences ( Figure 4a ). RubisCO LS was selected to design the cargo fusion, because it is a plastidial protein that contains no recognizable targeting signals. Furthermore, at an overall size of approx. 107 kDa the cargo fusion based on RubisCO LS exceeds the assumed exclusion limit for proteins freely diffusing between cytosol and nucleoplasm of approx. 40 kDa (Meier and Brkljacic, 2009; Merkle, 2011) .
Expression of all constructs was driven by the 35S promoter and fluorescence distributions were monitored by confocal microscopy. Images shown are medial confocal sections selected from confocal stacks covering the nuclear volume. As a positive control the well characterized NLS of the Simian virus 40 (SV40NLS) (Kalderon et al., 1984) fused into the sequence of the cargo protein mediated import of the cargo fusion into the nucleus of onion epidermis cells, with no detectable residual extranuclear fluorescence (Figure 4b) . A short linker sequence (McCartney et al., 2004) was fused as a negative control into the cargo protein, and fluorescence of this fusion was detected in the cytoplasm around the nucleus but not in the nucleoplasm (Figure 4b ). These controls verify the suitability of the test system for assessing nuclear import. The systematic analysis of cargo proteins containing PIP5K2 NLSa to NLSd resulted in positive nuclear import only of a cargo fusion containing NLSc (Figure 4b ), but not for NLSa, NLSb nor NLSd. The intensity of nuclear fluorescence upon NLSc-mediated nuclear import was similar to that observed with SV40NLS and there was only very weak residual cytosolic fluorescence (< 5% of cytosolic fluorescence of the negative control; Figure 4b ). A mutated variant of PIP5K2 NLSc ( 239 ATRKRSSVDSGAGSLTGEKIFPRICIW 295 ) in which three basic residues had been substituted for alanines (NLScAAA, 239 ATAAASSVDSGAGSLTGEKIFPRICIW 295 ) was no longer capable of mediating nuclear import of the cargo protein ( Figure 4b ). Nuclei were stained with DAPI for reference ( Figure 4c ). The incidence of the observed localizations for each NLS is summarized in Table 1 . The integrity of the fusion proteins used was again tested by immunodetection in protein extracts from N. benthamiana leaf protoplasts expressing the corresponding constructs, and all full-length fusions were detected with no substantial break-down ( Figure S2b ). In the N. benthamiana protoplast system, NLSc also mediated the nuclear import of the RubisCO LS cargo fusion, whereas none of the other NLSs tested had this effect ( Figure S2c ), confirming the findings obtained using the onion epidermis cells (cf. Figure 4) . The data identify PIP5K2 NLSc as a functional NLS capable of mediating nuclear import of a large artificial cargo protein.
The observation that the basic residues of the NLSc are important for NLS functionality is consistent with previous reports on the structure of NLS (Kalderon et al., 1984; Robbins et al., 1991; Lange et al., 2007; Merkle, 2011) and supports a specific role for NLSc in mediating nuclear import of PIP5K2.
Substitution of key basic residues in NLSc reduces nuclear localization of PIP5K2
Next we tested the contribution of NLSc to the nuclear import of full-length PIP5K2. Constructs used in these experiments encoded PIP5K2 variants shown in Figure 5 (a), including full-length PIP5K2 carrying a C-terminal EYFP tag (NLSc indicated by black arrow heads), a bright field mCherry false color line profile bright field DAPI merge variant in which three basic residues of NLSc were substituted by alanines (modified NLS indicated by a white arrow head), a variant carrying a C-terminal nuclear export sequence (NES) (Hauer et al., 1999) between the PIP5K2 sequence and the EYFP tag, and a variant carrying both the NLScAAA substitutions and the NES (Figure 5a ), as indicated. The constructs were expressed from 35S promoters in onion epidermal cells and the fluorescence distribution was analysed by confocal microscopy ( Figure 5b ). In line with previous reports of fluorescence-tagged PIP5K2 in the nucleus (Ischebeck et al., 2013; Tejos et al., 2014) , wild type PIP5K2 carrying a C-terminal EYFP tag was imported into nuclei of onion epidermis cells upon transient expression (Figure 5b ). When the PIP5K2 NLScAAA variant was analysed, nuclear localization was overall highly reduced. Approximately 31% of the observed cells displayed nucleoplasmic fluorescence that was substantially weaker than that in the cytoplasm. In approximately 69% of the cells, the fluorescence intensities of nucleoplasm and cytoplasm were roughly equal. In all cases nuclear fluorescence was weaker than that observed for wild type PIP5K2 (Figure 5b ). The fusion of an NES resulted in a similarly reduced nucleoplasmic fluorescence of the PIP5K2-NES fusion and strong cytoplasmic fluorescence (Figure 5b) . A mostly extranuclear fluorescence distribution was also observed when the PIP5K2 NLScAAA NES variant was expressed, in which the two modifications for reduced nuclear residence were combined (Figure 5b ). The integrity of the modified proteins upon expression in plant cells was tested by immunodetection in protein extracts from N. benthamiana leaf protoplasts expressing the corresponding constructs, and all proteins were made to correct sizes and with minimal break-down ( Figure S2a ). To furthermore rule out that the modifications of the coding sequence of the PIP5K2 gene caused misfolding of the encoded proteins, recombinant full-length PIP5K2 and the PIP5K2 NLScAAA variant were analysed for activity and displayed full catalytic activity in vitro ( Figure S3 ). These controls indicate that the fluorescence distribution patterns observed in Figure 5 (b) were likely not a consequence of misfolding or disintegrated proteins. The data show that NLSc is a main determinant of nuclear import of the Arabidopsis PIP5K2 protein. Furthermore, the reduced nuclear fluorescence of the modified PIP5K2 variants highlights that it is possible to experimentally restrict nuclear residence of PIP5K2.
Plant nuclei contain substrate and product of PIP5K2
The observation that PIP5K2 is likely subject to active, alpha-importin-mediated import into plant nuclei raises the question for functionality of the enzyme in a nuclear environment. As one indication for PIP5K2 function in the nucleus, we tested plant cells for the presence of the PIP5K2 substrate, PtdIns4P and the reaction product, PtdIns(4,5)P 2 ( Figure 6 ). The detection was based on the use of fluorescent reporters for PtdIns4P or PtdIns(4,5)P 2 (van Leeuwen et al., 2007) or on an immunofluorescence approach using specific antibodies against PtdIns4P or PtdIns(4,5)P 2 (Furt et al., 2010; Tejos et al., 2014) . Nuclei of Arabidopsis root cells were stained with DAPI for reference (Figure 6a ). Consistent with the previous reports, we detected nuclear fluorescence of reporters for PtdIns4P and for PtdIns(4,5)P 2 in Arabidopsis root cells (Figure 6b ). Images shown were contrastenhanced by ImageJ for better clarity. Nuclear localization of the reporters was restricted to cells of the meristematic zone and occurred in addition to plasma membrane distribution for the majority of other root cells analysed (Figure 6b) . Using a modified protocol for antibody perfusion into plant nuclei (Zhang et al., 2012) , we detected PtdIns4P and PtdIns(4,5)P 2 in nuclei of plant cells also by immunofluorescence (Figure 6c ). Negative controls with no primary antibody resulted in a lack of fluorescence 
PIP5K2 localizes to the nucleus of root meristematic cells
While suggesting nuclear localization of phosphoinositides and PIP5K2, the data so far give no indication about the functional relevance of nuclear PtdIns(4,5)P 2 -production. Based on the strong developmental phenotype of the Arabidopsis pip5k1 pip5k2 double mutant and the concomitant observation of nuclear PIP5K2 localization in meristematic root cells in Arabidopsis (Ischebeck et al., 2013; Tejos et al., 2014) , we tested whether nuclear localization of PIP5K2 was uniformly abundant across plant tissues or rather restricted to certain cell types. Our analyses confirm nuclear localization of PIP5K2-EYFP in the meristematic zone of Arabidopsis root tips (Figure 7a-c) . In particular, nuclear localization was absent in differentiated cells of the root elongation zone (Figure 7a ), whereas prominent nuclear localization was observed in meristematic cells (Figure 7b,c) . Importantly, and consistent with the reported cytoplasmic functions of PIP5K2, nuclear localization in Arabidopsis root cells was not absolute and we also observed a previously reported polarized plasma membrane association of PIP5K2 (Ischebeck et al., 2013; Tejos et al., 2014) , as visible in (Figure 7c ). The subcellular distribution of PIP5K2-EYFP was furthermore tested in protoplasts prepared either from N. benthamiana leaves or from tobacco BY-2 cultures, which are based on meristematic root cells (Nagata et al., 1992) (Figure 7d ,e). In these experiments, we observed no nuclear localization in leaf protoplasts (Figure 7d ), whereas there was prominent nuclear localization in the BY-2 protoplasts (Figure 7e ). Together, our data indicate that expression of the identical PIP5K2-EYFP construct resulted in nuclear localization in root meristematic cells, but not in other root cells or in leaf protoplasts. These observations give a first indication towards the functional relevance of nuclear localization of PIP5K2, which might be involved in controlling cell cycle and/or differentiation processes in nuclei of meristematic cells and depend on respective cell types and/or developmental stages.
DISCUSSION
Information on active nuclear import of enzymes of the phosphoinositide network is a necessary basis for the further analysis of a possible nuclear phosphoinositide system in plants. Based on nuclear fluorescence observed in a number of previous studies upon expression of fluorescence-tagged PI4P 5-kinases in different plant model systems (Lou et al., 2007; Ischebeck et al., 2011 Ischebeck et al., , 2013 Tejos et al., 2014) , we aimed to collect evidence for or against an involvement of active nuclear import processes and, thus, a potential biological relevance of such nuclear localization. Criteria for nuclear import of the tested enzyme, PIP5K2, were formulated according to Lange and co-workers (Lange et al., 2007) and included: (i) the presence of functional NLSs that are necessary and sufficient to mediate nuclear import of fused cargoes; (ii) interaction with alpha-importins; and (iii) effects of amino acid substitutions in identified NLSs on nuclear import. Furthermore, (iv) information about the nuclear localization of the PIP5K2 substrate, PtdIns4P, and the reaction product, PtdIns(4,5)P 2 , might also support the presence of a nuclear phosphoinositide system. The following observations support the notion of active nuclear import of PIP5K2: Only PIP5K2 fragments containing NLSs were imported into nuclei ( Figure 2) ; PIP5K2 interacted with different isoforms of alpha-importins (Figure 3) ; a functional NLS of PIP5K2 mediated the nuclear import of a large fluorescent cargo protein ( Figure 4) ; and the modification of this NLS reduced nuclear import of both the artificial cargo and of PIP5K2 itself ( Figures 4 and  5) ; both substrate and product of the PIP5K2-catalyzed reaction were detected in nuclei of plant cells (Figure 6 ). Based on the criteria listed above, the results presented appear consistent with active, alpha-importin-mediated nuclear import of PIP5K2. In order to conclude from the data that nuclear fluorescence of the fusion cargoes was a (d) were fixed, permeabilized and subjected to immunodetection using antisera specific for PtdIns4P or PtdIns(4,5)P 2 . Nuclei were costained with DAPI. Scale bars, 10 lm. The detection of PtdIns4P and PtdIns(4,5)P 2 was performed in two and four biological replicates, each using 10 seedlings for Arabidopsis; or on 20 onion epidermal cells each, respectively. c, cytoplasm; DAPI, 4,6-diamidino-2-phenylindole; mRFP-PH FAPP1 ; fusion of mRFP with the pleckstrin homology domain of the human four phosphate adaptor protein 1, recognizing PtdIns4P; n, nucleus; nu, nucleolus; v, vacuole; YFP, yellow fluorescent protein; YFP-PH PLCd1 ; fusion of YFP with the pleckstrin homology domain of the human phospholipase C isoform d1, recognizing PtdIns(4,5)P 2 .
consequence of degradation of the fusion proteins, one would have to assume that such degradation would occur exclusively, completely and consistently with only those fusion proteins not containing the tested NLSs. As such behaviour would also have to occur in the context of different protein fusions (RubisCO LS and PIP5K2), this conclusion appears highly unlikely. Active nuclear import is also supported by the results of our control experiments analysing expressed fusion proteins by immunodetection, which were formed at the correct sizes and without substantial break-down ( Figure S2 ). Effects of passive diffusion into nuclei appear furthermore unlikely, because proteins of similar sizes were compared (e.g. Figure 2 ) and only fragments containing a functional and unmodified NLS were imported into the nucleus (Figures 4 and 5) .
Even though we are therefore favouring the interpretation that the observed fluorescence distribution patterns are the consequence of active nuclear import, there are caveats. For one, our analysis is based on heterologous expression in onion epidermis cells, and we are aware that these cells might behave differently from other cell types, including different Arabidopsis tissues. In preparation of this study a range of cell types and expression systems were tested, and it was found that most systems would not yield interpretable data because of weak or no detectable fluorescence intensities of expressed PI4P 5-kinases. This observation is consistent with previous reports of weak fluorescence of expressed PIP5K2. For instance, two independent studies have shown functional complementation of the pip5k1 pip5k2 double mutant phenotype using fluorescence-tagged variants of PIP5K2 (Ischebeck et al., 2013; Tejos et al., 2014) . However, in both cases, no or only very weak fluorescence was observed, limiting the use of stable Arabidopsis expression. Interestingly, the weak fluorescence distribution observed by Ischebeck, Tejos and coworkers (Ischebeck et al., 2013; Tejos et al., 2014 ) did include nuclear fluorescence, thus being consistent with our results. While onion epidermis cells were selected as an expression system in which PI4P 5-kinases could be reproducibly expressed at sufficient levels for comparative analysis of fluorescence distribution patterns, data on the nuclear import of the RubisCO LS cargo fusions shown in Figure 4 are independently corroborated by the corresponding analysis in N. benthamiana leaf protoplasts (Figure S2c) . In addition to concerns about the use of a heterologous expression system, it is possible that PIP5K2 must undergo posttranslational modifications that may aid or prevent the function of NLSs, a notion that cannot be ruled out at this point. Our experimental setup also did not test whether sequences not acting individually as NLSs, such as NLSa, NLSb or NLSd of PIP5K2, might not mediate nuclear import in combinations.
Despite these caveats, the positive identification of PIP5K2 NLSc and its characterization as a factor mediating nuclear import of different cargoes provides a first step towards the functional analysis of nuclear phosphoinositides in plants. The position of the functional NLSs in the N-terminal half of PIP5K2 is consistent with a reported role in the regulation of PIP5K2 localization and/or activity. Deletion of N-terminal domains of PIP5K1 or PIP5K2 results in increased activity (Im et al., 2007; Stenzel et al., 2012) , suggesting an intrinsic autoinhibitory effect of the N-terminal domains on PIP5K2 function. It is possible that protein-protein interactions of N-terminal domains result in conformational changes that influence PIP5K2 localization and/or activity and that such interactions occur only under certain conditions. It is important to note that our data do not indicate that PIP5K2 -or other PI4P 5-kinases -display exclusive nuclear localization. Evidently, nuclear residence of PIP5K2 is conditional and in the native homologous situation likely restricted to certain cell types and/or developmental stages. Our comparison of nuclear localization patterns of identical PIP5K2-EYFP constructs in root meristem cells vs. differentiated root cells or leaf protoplasts (Figure 7 ) supports the notion that PIP5K2-EYFP localizes to plant nuclei in certain cell types or at certain developmental stages. Mechanistically, such conditional nuclear localization of PIP5K2 might be a consequence of the presence/absence of certain alphaimportin isoforms, the masking of the relevant NLSs in PIP5K2 by conformational changes in the protein, possibly upon posttranslational modification, or both. The observation that full-length PIP5K2 was not imported into nuclei of N. benthamiana leaf protoplasts (Figure 7d ), whereas the NLSc sequence alone clearly mediated nuclear import of a RubisCO LS-based cargo fusion ( Figure S2c ), underlines the notion that NLSc (and possible other unknown factors) might be subject to dynamic regulation controlling PIP5K2 localization. It thus appears plausible that PI4P 5-kinases can move dynamically between cytoplasm and nucleoplasm according to changing cellular requirements. A corresponding pattern has been proposed for PI4P 5-kinases in yeast (Audhya and Emr, 2003) and mammalian cells (Mellman et al., 2008) and is likely controlled by posttranslational modification (Audhya and Emr, 2003) . However, information about the posttranslational modification of plant PI4P 5-kinases is still lacking.
Overall, the characterization of a nuclear phosphoinositide system is a largely uncharted aspect of the plant phosphoinositide network. While temperature shifts might affect translocation of PI4P 5-kinases to the nucleus (Mishkind et al., 2009) , the physiological links between raised temperature and nuclear functions are currently unclear. Evidence for a contribution of phosphoinositides to nuclear function is still missing, and it will be important to identify nuclear targets of regulation by PIP5K2 and/or PtdIns(4,5)P 2 . Using some of the tools presented in this study, it may now be possible to address such functional aspects of nuclear PtdIns(4,5)P 2 formation in mutant complementation tests.
EXPERIMENTAL PROCEDURES cDNA constructs
All cDNA constructs for transient plant expression studies were introduced into the plasmid pEntryA::pCaMV35S, which was generated based on the pUC18 backbone, as previously described ). An expression cassette was created by fusion PCRs that was flanked by Gateway attachment sites and moved as a HindIII/EcoRI fragment into pUC18. cDNA stretches containing two unique SfiI sites, SfiIA and SfiIB for directional cloning of the cauliflower mosaic virus 35S promoter (pCaMV35S) for constitutive expression, followed by a multiple cloning site (mcs) and an octopine synthase (OCS)-terminator (MacDonald et al., 1991) , and the flanking attachment sites (attL1 and attL4) were fused by PCR, as previously described . The pCaMV35S sequence was amplified with SfiIA and SfiIB overhangs and inserted directionally into the SfiI sites of the pEntryA vector, yielding pEntry-pCaMV35S. The sequence of the mcs used in the fusion PCR and other primer sequences are given in Table S1 .
PIP5K2-EYFP. The cDNA encoding EYFP was amplified with
primers mC/YFPXhoI-for/YFP.BamHI.rev and moved as an XhoIBamHI fragment into pEntryA-pCaMV35S, yielding pEntryApCaMV35S::EYFP. The PIP5K2 cDNA was amplified using the primer combination PIP5K2.AscI.for/PIP5K2.XhoI.rev and moved as an AscI-XhoI fragment in frame upstream of the EYFP-cDNA into the mcs of pEntryA-pCaMV35S::EYFP, yielding pEntryApCaMV35S::PIP5K2-EYFP.
PIP5K2 NLScAAA. The triple alanine substitutions in NLSc of PIP5K2 was performed by overlap extension PCR using pEntryApCaMV35S::PIP5K2-EYFP as a template and the primer combinations PIP5K2.AscI.for/PIP5K2_NLScAAA.rev/PIP5K2_NLScAAA.for/ PIP5K2.XhoI.rev, yielding pEntryA-pCaMV35S::PIP5K2 NLScAAA-EYFP.
PIP5K2-NES-EYFP and PIP5K2 NLScAAA-NES-EYFP. The primers used to generate the cDNA for the NES-EYFP fusion were PKIaNES-YFP.XhoI.for/YFP.BamHI.rev. NES-EYFP was cloned in frame downstream of the PIP5K2 or PIP5K2 NLScAAA sequences, respectively in pEntryA-pCaMV35S, yielding the plasmids pEntryA-pCaMV35S:: PIP5K2-NES-EYFP and pEntryA-pCaMV35S:: PIP5K2 NLScAAA-NES-EYFP.
PIP5K2 1-343 -EYFP and PIP5K2 344-754 -EYFP. The sequence encoding the N-terminal part of PIP5K2 (PIP5K2 1-343 ) was amplified by the primer combination PIPK2.AscI.for/PIP5K2.NDrevXhoI. The cDNA encoding PIP5K2 343-754 was amplified by PIP5K2.CDforAscI/PIPK2.XhoI.rev. The forward primer introduced an ATG between AscI restriction site and the coding sequence of PIP5K2 . The resulting PCR-products were moved into pEntryA-pCaMV35S::EYFP as AscI-XhoI-fragments upstream and in frame of the EYFP-cDNA, yielding pEntryA-pCaMV35S:: PIP5K2 1-343 -EYFP and pEntryA-pCaMV35S::PIP5K2 344-754 -EYFP, respectively.
RubisCO LS-mCherry-NLS-mCherry and controls. The open reading frame of the RubisCO LS gene, rbcL (AtcG00490), was amplified with the primer pair RuBisCO.SalI.for/RuBis-CO.+1.AscI.rev, introducing a SalI-restriction site upstream of the ATG, removing the stop codon and introducing an additional base (Adenine) between the last coding triplet and the AscI restriction site to ensure in frame cloning with rbcL. The rbcL cDNA was cloned into the mcs of pEntryA-pCaMV35S as a SalI/AscI fragment, yielding pEntryA-pCaMV35S::rbcL. The cDNA of the first mCherry tag was amplified by the primers mCherry.AscI.for/ mCherry.XhoI.rev and moved as an AscI/XhoI fragment downstream of rbcL into the mcs of pEntryA-pCaMV35S::rbcL. cDNAs encoding NLSa-d, NLScAAA, SV40NLS or the control sequence were individually fused to the 5 0 -end of an additional mCherry cDNA sequence by using an mCherry-specific primer with a 5 0 -extension coding for the respective NLS or control sequences. The primers used to produce NLS-mCherry fusions introduced XhoI sites upstream of the respective NLS/control sequences and BamHI sites downstream of the terminal mCherry stop codon, respectively. All primers are given in Table S1 . The individual putative NLS-mCherry and the control sequence-mCherry cDNA fusions were moved as XhoI-BamHI fragments into the vector pEntryA-pCaMV35S::rbcl-mCherry.
cDNA constructs for cytosolic split-ubiquitin-based yeast two-hybrid studies. The cDNA of the PIP5K2 bait protein was cloned into the plasmid pBT3-C-OST4. pBT3-C-OST4 was produced by inserting the cDNA of OST4 (yeast oligosaccharyl transferase 4) into the XbaI site upstream of the mcs of the original pBT3-C plasmid (Dualsystems Biotech AG, www.dualsystems.com/) according to M€ ockli et al. (2007) BioTechniques. The PIP5K2 cDNA was amplified with the primer combination PIP5K2-OST4-for/PIP5K2-OST4-rev. The primers introduced an SfiIA site upstream and an SfiIB site downstream of the PIP5K2 sequence, and the PCR fragment was inserted directionally into the SfiI sites of the pBT3-C-OST4 vector. The cDNAs for the prey proteins IMPa-6 (At1g02690) and IMPa-9 (At5g03070) were amplified by IMPa-6.SfiIA.for/IMPa-6.SfiI-B.rev and IMPa-9.SfiIA.for/IMPa-9.SfiIB.rev, respectively, and moved as SfiI fragments into the mcs of pPR3-N (Dualsystems Biotech AG).
cDNA constructs for E. coli expression. Constructs for E. coli expression were based on the plasmids pMAL-c5G (NEB) and pGEX-6p-1 (GE Healthcare, www.gelifesciences.com/webapp/ wcs/stores/servlet/Home/en/GELifeSciences-de/). The cDNAs for PIP5K2 and PIP5K2 NLScAAA were amplified from the corresponding pEntryA vectors with the primers PIP5K2.NotI.for/PIP5K2.EcoR-I.rev and cloned into pMAL-c5G, respectively. The cDNAs for the importins IMPa-6 and IMPa-9 were amplified using the primer combinations IMPa6.BamHI.for/IMPa6.NotI.rev and IMPa9.EcoRI.-for/IMPa9.NotI.rev, respectively, and moved into pGEX-6p-1 as BamHI/NotI or EcoRI/NotI fragments, respectively.
For all PCR reactions the Phusion High Fidelity DNA polymerase (NEB) was used. All restriction enzymes used were from NEB. The T4-DNA ligase was from Thermo Fisher Scientific.
were expressed in Rosetta2 cells in 2YT medium containing 100 lg ml À1 of carbenicillin. Starter cultures of 50 ml were grown overnight at 30°C shaking at 200 rpm. Expression cultures were inoculated at an OD 600 of 0.05 and grown in 300 ml 2YT containing 100 lg ml À1 of carbenicillin shaking at 200 rpm until the OD 600 reached 0.8. Protein expression was induced with 0.1 mM IPTG and cultures were further shaken for 18 h at 18°C. Bacterial pellets were resuspended in 50 mM Tris-HCl, pH 8, 150 mM NaCl containing protease inhibitor cocktail (Sigma, www.sigmaaldrich.com/ge rmany.html) and 1 mg ml À1 lysozyme (Serva, http://www.serva.de/ deDE). After incubation on ice for 20 min, cells were disrupted by repeated sonication. Soluble proteins were obtained by sedimenting cellular debris. GST-IMPa6 and GST-IMPa9 were then enriched using a glutathione-agarose matrix (Thermo Fisher Scientific, www.thermofisher.com/us/en/home.html). Equivalent molar dilutions of recombinant MBP and MBP-PIP5K2 proteins were spotted onto nitrocellulose membranes (Protran, GE Healthcare). Membrane background was blocked by incubating the membranes for 30 min in 5% (w/v) dried milk in TBS buffer. The membranes were incubated with 2 lg ml À1 GST-IMPa6 or GST-IMPa9 in 5% (v/v) dried milk in TBS overnight at 4°C. Later, the membranes were subjected to immunodetection.
Pull down
Recombinant GST, GST-IMpa6 and GST-IMPa9 were immobilized on glutathione-agarose (Thermo Fisher Scientific) and incubated with purified recombinant MBP-PIP5K2 protein for 60 min at 4°C. Upon washing of the resin, GST-bound proteins were eluted with 50 mM glutathione. Interacting MBP-PIP5K2 protein was detected using an anti-MBP antibody (NEB). Protein input was detected using an anti-GST antibody (GE Healthcare).
In vitro lipid kinase assays
Catalytic activities of recombinant MBP-PIP5K2 and MBP-PIP5K2 NLScAAA proteins were tested with 1 lg of enriched protein. The lipid kinase assay was done as previously described (Im et al., 2013) . After incubation at room temperature for 1 h, lipid products were extracted as previously described (Im et al., 2013) . The extracted lipids were dried, dissolved in 20 ll chloroform, and separated by thin-layer chromatography using silica S60 plates (Merck, http://www.merckmillipore.com/DE/de) and chloroform: methanol:ammonium hydroxide:water (45:45:4:11; v/v/v/v) as developing solvent. Radiolabelled lipids were visualized by exposing a phosphoimager screen (BAS-MP 2040s; Fuji, http://www.fujif ilm.com/) and the extent of 33 P-incorporation was quantified by phosphor imaging using a BAS-1500 system (Fuji).
Plant lines and growth conditions
Experiments were performed with onion (Allium cepa) material of commercial origin (Feinste Zwiebeln; Heilmann AG, http://www. heilmann-ag.de/startseite/). Immunocytochemistry experiments were performed with onion and Arabidopsis columbia-0 (Col-0) wild type plants. The in vivo distribution of PIs was performed using Arabidopsis Col-0 plants expressing fluorescent reporters for PtdIns4P or PtdIns(4,5)P 2 (van Leeuwen et al., 2007) , respectively, as indicated. Plants were grown for 5 days in culture chambers (A1000; Conviron, www.conviron.de/) under long day conditions (16 h light) on 1/2 MS media (Duchefa, www.duchefa-biochemie.com). Protoplast-experiments were performed with 4-5-week-old Nicotiana benthamiana and 3-day-old (Nicotiana tabacum) BY-2 cell culture (Nagata et al., 1992) . Nicotiana benthamiana plants were grown in the greenhouse under long day (16 h light) conditions. BY-2 cells were cultivated in 250 ml Erlenmeyer flasks containing 50 ml of MS medium on a rotary shaker at 120 rpm in the dark. Arabidopsis Col-0 plants were transformed by flower dipping (Clough and Bent, 1998) with the pEntryA-pCaMV35S::PIP5K2-EYFP vector to generate Arabidopsis lines expressing PIP5K2-EYFP under the control of the pCaMV35S promoter.
Transient expression in onion epidermis cells by particle bombardment
Onion epidermal cells were transformed by biolistic bombardment with plasmid-coated 1 lm gold particles with a helium-driven particle accelerator (PDS-1000/He; BIORAD, http://www.bio-rad.com/) using 1350 psi rupture discs and a vacuum of 26 inches of mercury. Precipitation of 2-5 lg plasmid-DNA on gold particles (1.25 mg) was done with 1 M CaCl 2 , 16 lM spermidine, and washing the gold particles thrice with 95% (v/v) EtOH. After bombardment the onion cells were incubated for 15-20 h before microscopic analysis.
anti-rabbit conjugated to Alexa Fluor 488 (Invitrogen, Thermo Fisher Scientific), were applied to the seedlings for 3 h in 1:2000 dilutions in PBS containing 3% (w/v) BSA. The seedlings were rinsed for 10 min with PBS. Nuclei were stained for 30 min with 1 lg ml À1 DAPI (Sigma) in PBS. Seedlings were washed thrice for 10 min with PBS, placed on microscopic slides and examined with an LSM780 confocal microscope (Zeiss).
DAPI-staining
Nuclei were visualized for reference by staining samples on glass slides with approx. 10 ll of a 1 mg ml À1 solution of 4 0 ,6-diamidino-2-phenylindole (DAPI) in liquid half-strength Murashige and Skoog (MS) medium.
Confocal microscopy
All images were recorded using a Zeiss LSM 780 laser scanning confocal microscope (Zeiss) and ZEN software (Zeiss). Microscopic images were analysed with the FIJI/IMAGEJ software (Schindelin et al., 2012) .
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